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NOMENCLATURE

A = Flow area
Ar =

Circumferential Area

D =

Diameter

=

Inner pipe diameter

D 2 = Outer pipe diameter
= Hydraulic diameter, (D2 - D^)
fave = Average friction factor

Fx = Force in x-direction
K

= Height of boundary layer trip

p

= Total pressure

p^

= Static pressure

q

= Weight per unit length

r

= Radial coordinate

R-^ = Outside radius of inner pipe
R2 =

Inside radius of outer pipe

R e ^ = Reynolds number due to diameter
Rej, = Reynolds number due to height of roughness
Rex = Reynolds number due to distance down pipe
T = Temperature
U = Axial velocity

f
TT

O 1 1 Tlr

rt-l«

TTft 1 rt/l4
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AK

(
Y = Distance from wall
Ymax
v+

= Deflection of inner pipe

= i u*

t

+

(r - R X)

uL*

yL = --- ±— L_

y2+ = <B2 - r> U2

»- = Radius ratio (r^/r2 )
y = Kinematic viscosity

f? = Density

■T =

Shear stress

= Axial stress
w = Wall shear stress
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CHAPTER I
INTRODUCTION

CHAPTER I

INTRODUCTION

Turbulent flows are encountered in nearly every case where fluid
motion is involved.

Since turbulent flow through relatively short

annular sections occurs frequently in practical applications, e.g., flow
through heat exchangers, axial flow turbomachinery and jet aircraft
engines, there is a need for detailed information on this subject.
This thesis is concerned with the developing turbulent flow of a
Newtonian fluid through a smooth, constant-area annulus.
"developing flow" can be defined:
are changing with x.

The term

where the mean axial-velocity profiles

When the mean axial-velocity profiles do not change

with respect to x, this condition is called fully developed flow.
To date, a great deal of work has been done on both fully developed
turbulent flow and laminar flow in an annulus, but very little has been
done with developing turbulent inlet flow in an annular duct.
In order to accomplish this research, the turbulence tunnel which
was designed and built for previous thesis work was modified.
pipe was placed down the center of the original pipe.

A smaller

Along with this

modification other improvements and refinements have been made, to improve
the performance of the original turbulence tunnel.
The study that follows will deal with:
(1)

The modifications and refinements that were made on the
original turbulence tunnel.

2

3

(2)

The behavior and characteristics of developing turbulent flows
in the inlet region of an annulus.

(3)

A comparison of the obtained results with other published
results on both developing and fully developed turbulent flow
in an annulus.

CHAPTER II
SURVEY OF PREVIOUS WORK

CHAPTER II

SURVEY OF PREVIOUS WORK

Several papers have been written that deal with turbulent flow in
an annulus.

Two recent papers will be discussed.

The first paper,

written in 1964 by Brighton and Jones (jQ , studies "Fully Developed
Turbulent Flow in Annuli."

This paper deals with the properties of

fully developed axisymmetric flow with no-swirl in a variety of different
concentric annuli.

The radius ratio (o<) was varied, from .0625 to .562,

and the Reynolds numbers ranged from 46,000 to 327s000.
taken at one point 40.5 diameters from the entrance.

Readings were

The fluid used was

air, except for determining the friction factor, where a water flow
apparatus was used.

The center pipe was supported by a pair of stream

lined support legs located at three different axial positions.
To make sure that fully developed turbulence was present, boundary
layer trips were placed on both the inner and outer walls.

For all

velocity measurements pitot tubes were used, while a hot wire anemometer
was used to determine turbulent parameters.
The Brighton Q.] paper made an experimental study of fully
developed turbulent flow in an annulus.

One significant, result of the

paper was that Reynolds stress (uv), was equal to:

(uv)

ll ^_E

(r2 - Rm2)

2p <A x

r
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was shown to be true if the point of maximum velocity (Rm) could be
determined accurately.

From this such turbulence parameters as u*, y+

and U* could be evaluated.

Also, Brighton [l] compared his data with

the log law and the velocity defect law with good results, except close
to the inner wall for small radius ratios.

Mixing length and eddy

viscosity distributions were also determined from accurate measurements
of velocity gradients.

This paper adds a great deal to the understand-

ing of the characteristics of fully developed flow in an annular duct.
In 1967, Okiishi and Serovy [2] published a paper on the
"Experimental Study of the Turbulent-Flow Boundary Layer Development in
Smooth Annuli."

Both square and round entrances were used in this study.

The radius ratio variation of the annuli was from 0.344 to 0.531 with a
Reynolds number range from 70,000 to 160,000.

A boundary layer trip was

not used for either the square or round entrance.
The inner and outer tubes were both placed in a vertical position
and the deflection of the inner tube was within 47,.

The inner tubes

were supported by a cable and positioned concentrically with four sets
of 10-32 machine screws.

Three total, pressure traversing stations were

located at each measuring position, 120° apart, except for point 3,
where only one access hole was located.
present at each station.

Static pressure taps were also

A total pressure probe was used, to determine

the velocity profiles.
Okiishi (Y) found that developing turbulent flow was not axisymetric, especially in the early stages of development.

Note figure 1.

Fully developed flow was achieved for the square entrance studies but
not for the round entrance.
In 1965, a study was started at BYU by Li [3j on turbulent flow in

7

Figure l--Okiishi [ 2 ] velocity profiles
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a duct.

Li [3j did work with developing turbulent flow in a tuba, using

an apparatus built previously for hot wire anemometer

studies, but

concluded that a better apparatus must be built to obtain acceptable
results.
Smith [4], in 1967, built a complete new wind tunnel and support
equipment to study the developing turbulent flow in a smooth pipe.

The

test tunnel was a 5.88 inch inside diameter cold-drawn aluminum pipe,
48 feet, 5% inches in length.

Twenty-five measuring stations were

installed with a static pressure tap at all the. odd numbered stafcidns.
To trip the boundary layer a two-inch wide strip of sand grains was
glued to the wall.
profiles.

Total pressure probes were used to determine, velocity

An inclined manometer, of range

from 0 to 5 inches, of water,

was built to measure the differential pressure.

Smith [4 ] made velocity

profile comparisons for various Reynolds numbers for both U/U^ vs. r/R
and U/Ujj vs. x/D.

The Smith

4

thesis concluded that:

” 1. The apparatus described herein satisfactorily fulfilled the
requirements for the study of turbulent flow in the entrance
region of smooth pipes.
It is simple in operation and provides
reliable data.
2. The inlet cone provides a flat velocity profile at its throat
with a relatively thin boundary layer.
Symmetry of the flow was
obtained.
3. The static pressure gradient and, therefore, the wall shear
stress and velocity gradient at the wall, attain their fully
developed values within the first 10 to 15 diameters.
4. In any size of pipe, the dimensionless static pressure
gradient is influenced only by the flow adjacent to the wall.
5. A wall or solid boundary has an effect on the pressure
measurements made with the pitot tube in close proximity to the
boundary. This effect has been studied by MacMillan but the
reference was unavailable to this authqr.
It can be concluded,
however, thdt this effect does not extend beyond 10 probe
diameters from the boundary.

9

6. The length required to establish fully developed flow is a
direct function of Reynolds number. "
To further carry on the studies of developing flow in a smooth
region of a pipe, a theoretical study was made by Woolley [5].

In this

study the simplified Navier Stokes equations were written in finitedifference form, solved using a computer, and then the results obtained
were compared to the Smith

(4j thesis.

The results showed good

correlation between the theoretical and experimental work.

CHAPTER III
DESIGN AND CONSTRUCTION OF TURBULENCE TUNNEL

CHAPTER III

In order to investigate the characteristics of developing
turbulent flow in an annulus, it was necessary to modify and improve
the turbulence tunnel which was built by Smith [4].

The biggest change

that, was made in the tunnel system was the addition of a one-inch O.B.
aluminum, tube, which was aligned in the center of the larger pipe.
Figures 2 and 3 show photographs of the entire wind tunnel assembly.
Figure 4 is a schematic diagram of the test assembly.
Velocity measurements were taken by total pressure impact probes
which were then read from a D.C. integrating digital voltmeter.

Motor Fan System
A General Electric axial flow fan-dynamometer set, Model Number
5GDY34A1, was used to supply the air for the test runs which were made.
i -*

No changes were made in either the speed variator or the D.C, cradled
Dynamometer.
After having a great deal of trouble with vibrations in the test
tunnel section, especially with the inner pipe, some changes were made
in the fan and tubing that leads from the fan to the calming chamber.
By comparing the performance of the axial flow fan with the
performance curves given in the Instruction Manual

6 , it. was determined

that the axial flow fan was running in the region where stall on the

11

Figure 2--Wind tunnel assembly looking south

Figure 3--Wind tunnel assembly looking north

Inner Pipe

Figure 4-“Schematic of entire wind tunnel assembly
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rotor blades could occur.

To correct this situation the rotor blades

were changed from 25° to 15° and the stator blades were kept at 64° for
both stages.

This greatly improved the performance of the axial flow

fan and cut down the vibrations appreciably.
To help reduce the swirl that is present immediately after the
axial fan, an additional 5 foot section of 18 inch diameter tube was
added to the original 5 foot section that led to the calming chamber.
The new section had an egg crate shaped flow straightener 2 inches by
2 inches and 12 inches long.

The original flow straighteners that were

placed just before the calming chamber were left in place.

To help

even out the flow ordinary aluminum window screen was placed across the
duct between the two 5 foot sections.
To cut down on any vibrations that might be transmitted from the
motor fan assembly to the calming chamber and test tunnel, a 2-inch
wide strip was cut out of the original 5 foot section of duct leading to
the calming chamber.

A rubber boot was made and placed over the 2 -inch

strip and fastened by means of aluminum straps.

Refer to figure 4 for

further details.

Calming Chamber and Nozzle
The calming chamber consisted of two screen panels with a panel of
high-efficiency filters between them mounted in a plywood box 40 inches
square in cross-section and 8 feet long.

The nozzle was made of fiberglass

and had a 6 to 1 contraction ratio.
Little change was made in the calming chamber, except for
modifications that were made to accommodate the smaller tube.

Holes

were cut in the screens and filters, and after the small tube was in place
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the holes were patched up around the smaller tube, so that as many air
flow irregularities as possible could be eliminated,,

No change in the

nozzle section was made.

Test Tunnel
The test tunnel was a 5.88 inch inside diameter cold-drawn
aluminum pipe, 29 feet, 9 inches long.
Only slight modifications were made in the test tunnel, other
than the addition of the annular tube.
were tried.

Several boundary layer trips

First, a 2-inch strip of Ottawa sand was pasted with

rubber cement to the inner wall of the outside tube and to the outer
wall of the inner tube.

Then an 8.9-inch strip, 80 grit, A w t . , open

coat, garnet finishing paper manufactured by the .3M Company, was
attached by masking tape to both inner and outer walls.

Finally, a

1%-inch strip of masking tape was placed 8.75 inches from the beginning
of the pipe on both the inner and outer walls.

It was determined by

stability theory [6] for a flat plate, ®-e x (crit)“ ^.2 x 10".

Near

the entrance the curvature effects are small, so a flat plate assumption
would be good.

This does not take into account center core acceleration.

For Reynolds number of Rep = 1.740 x 10 , the position of instability is
8.8 inches from the beginning of the pipe.
calculations.

Refer to Appendix A for

By placing the boundary layer trip 8.75 inches downstream,

this trip would be in an unstable area and be beneficial.
To see if the boundary layer trip was sufficient in height, the
fully rough condition [jfj was calculated, Appendix A.

It was found to

be .003 inch, while the height of the boundary layer trip is greater
than .006 inch.

So the boundary layer trip is sufficient to cause the

flow to go turbulent, and this was justified by experiment.
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It was necessary to place a 50 pound weight 5.75 feet downstream
from the nozzle to correct a bend in the outer pipe that made it
impossible to align the inner and outer tubes.
was possible to align the pipes.

With this correction,, it

Three holes were drilled in

the side of the pipe at stations 8, 14, and 18, to aid in aligning the
two tubes.

Small plugs were built that could be placed, in the total

pressure probe access holes and alignment holes

(refer to figure 5 for

details), so that no flow interference would be caused by these holes.
Flow data was taken at stations l. 3, 5, 7, 9 , 11, 13, 15, 17, 19, and 20.
There were static pressure

taps

at each of these stations.

Annulus Design and Installation
Several, problems had to be considered in installing the inner
tube, but by far the hardest problem was aligning the inner and outer
tubes.

Since a distance of 39 feet, 7% inches had to be spanned, some

means of support for the inner tube was necessary.

The best way of

eliminating sag would be to apply an axial load to the inner pipe and
support it by wires at the entrance to the nozzle and at the center of
the test tunnel.
The diameter of the inner pipe was chosen to be 1.00 inch.
gives a radius ratio (c*) of .170.

This

The selection of the inner pipe was

based more on availability than any other criteria.

Thirty foot sections

of aluminum lawn chair tubing with ap outside diameter of 1.00 inch were
readily available and very inexpensive.
It was decided that the allowable sag would be t 1% of the
hydraulic diameter (D^), in both the vertical and horizontal directions
as one would look down the pipe.

Since the hydraulic diameter is equal

17

Figure 5--Drawing of total pressure hole plug
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to 4.88, an allowable eccentricity of .049 inch in any direction was
accepted.
To determine the axial load that was necessary to stay within the
above stated limits, a relationship obtained from Timoshenko [9] was
used.

The axial load that is necessary for a deflection of .049 inch is

1920 pounds (refer to Appendix for complete calculation).

To see if this

loading would be beyond the yield stress of the aluminum tubing which is
20,000 psi, this calculation was also made.

The axial stress applied to

the tube is 9,660 psi, which is well’below 20,000 psi, so failure through
loading the inner pipe will not be a problem.
The load was applied to the inner tube by threading each end and
then tightening a bolt down against supports at both ends.

Since the

wall thickness of the 30 foot ^aluminum sections is only .057 inch thick,
an additional, thicker section was applied to both ends so that threads
could be applied.

Since the span was* 38 feet, 8 inches between supports,

additional length beyond the 30 foot section was also needed.

A 6 foot,

9 inch section of aluminum tubing with a 1.00 inch outside diameter and
wall thickness of .280 inch was added onto the section that goes in the
calming chamber, and a 3 foot f>iece was added onto the other end.
In order to join these two aluminum tubes together, 6 inch plugs
were built that would fit inside both of these pipes.
in keeping the two pipes aligned at the joint.

These plugs aided

With the plugs in place

the additional 6 foot 9 inch and 3 foot sections were welded to the
30 foot section by a heli-arc welder.

The rough edges were filed and

sanded down, but most of the excess weld was left on the pipe to give
the weld greater strength.

The joints were upstream of the nozzle and

downstream of the last measuring station so no-flow interfernce would
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occur.

To remove any surface irregularities on the inner tube, the

entire pipe was thoroughly sanded with crocus cloth.

Eighteen inches of

NS-14 thread was machined on each end of the inner tube.
Adjustable steel tubular supports were placed 38 feet,
apart.

Figure 6 gives the details of these supports.

inches

The supports were

attached to the floor by 3/4 inch Phillips flush shell studs.

An 8 inch

diameter adjustable plate was used to make the transition between the
supports and the inner tube.
transition plate.

Refer to figure 7 for the details of this

The three 5/8 inch course thread bolts in the transition

plate as shown in figure 7, were placed 120° apart.

They were used to

make fine adjustments for the location of the inner tube after major
alignment adjustments had been made by the tubular supports.

The end

supports could be adjusted both horizontally and vertically merely by
loosening the bolts and then sliding the support to the desired position,
and then retightening the bolts.
complete support assembly.

Figure 8 is a photograph showing the

The distance between the end of the test

tunnel and the end support was 18 inches.

It was felt that this distance

was necessary to eliminate flow interference at station 20.
The inner pipe was supported at two positions by wires.

A wire

was attached to the calming chamber by screws just before the nozzle.
The screws allowed adjustment of the position of the inner tube at this
point.

No-flow interference was expected in the test tunnel since the

flow undergoes acceleration through the nozzle and this acceleration
should damp out disturbances caused by the wire support.
support was at an angle of 30° from the horizontal.

The wire

Another wire

support was located 16 feet, 4 inches down the pipe from the first
support in the calming chamber.

It was also 16 feet, 4 inches from the

Transition Plate
2" Schedule 40 Black Pipe

N>
o

Figure 6--Drawing of side and front views of end support

Figure 7--Drawing of transition plate

Figure 8--End support

Figure 9--Center support
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center wire support to the support at the end of the test tunnel.
The center wire support was placed at an angle of 20° from the
horizontal so that flow interference from the wire would be minimized.
Holes were drilled through both the inner and outer tubes, just large
enough for the wire to go through.

The center support wire was strung

through one side of the outer tube, through the inner tube and out the
other side of the outer tube, then attached to the center support, by a
technique that will be explained later in this section.
wire was used for each wire support.

Number 9 piano

The center wire support was attached

to an adjustable tripod stand, so that vertical adjustments could be made
on the inner tube, at this support.

Figure 9 is a photograph of the

complete center wire support.
A great deal of care had to be taken in installing the inner tube.
A foam rubber mat was placed in the bottom of the outer tube to prevent
scratching of either tube.

The following is the procedure used for

installing the center support wire.

A ball of tape with the sticky side

exposed to the outside was fastened to a wire that went entirely through
the test tunnel.
holes.

String was dangled through one of the center support

The ball of tape was wiggled around until the string was firmly

attached to it and then the string and ball of tape were pulled out of
the tube.

The same procedure was followed in getting the other piece of

string to the outside.

The piano wire was strung through the two holes

in the inner tube and then each end of the wire was attached to one of
the pieces of string.

As the inner tube was pushed inside the outer tube,

the strings that ran through the holes at the center support to the
piano wire were kept taut.

When the inner tube was in position, the

piano wire was pulled through the holes in the outer tube and attached
to the center support.

The inner aluminum tube was attached to the. two
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end supports, and the inner tube was drawn into position by tightening
the nuts at each end support and adjusting the two wire supports.

By

adjusting the two wire supports and the two end supports, the inner tube
was aligned inside the outer tube.

A micrometer was used to measure the

position of the inner pipe with respect to the outer pipe.

Access for

the micrometer to the inner pipe was gained through the three positioning
holes on the side and the twenty total pressure probe holes on the top
of the pipe.

Total Pressure Probe
In order to effectively study flow in an annulus, it is necessary
to get good pressure measurements close to each wall.
this a special double probe was built.

To accomplish

Figure 10 is a photograph of the

probe, while figure 11 is a detailed drawing of the probe plug.

The top

probe came straight out of the probe support and was used to collect
data next to the upper wall.

The bottom probe was bent with a .05 inch

offset so that pressure data could be measured next to the inner wall
without interference from the probe support.

Both the top and bottom

probes were made from #21 hypodermic needles, with an outside diameter
of .032 inch.

The probes were attached by epoxy to a specially designed

plug that fitted inside a 6=inch-long 5/32 outside diameter brass tube.
This plug kept the flow from the two probes separated at all times.

The

air from the. bottom probe flows through the plug and from the plug through
a .065 inch outside diameter veterinarian needle which is 6 inches long.
A slit was cut in the brass tube.
run through this slit.
silver solder.

The veterinarian needle was bent and

Then the slit was soldered back up again with

The air that flows through the top probe goes from the

25

Figure 10
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Figure 11--Drawing of probe plug
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probe to the plug and then directly to the brass tube.

From the

veterinarian needle and the brass tube,, Tygon flexible plastic tubing,
with an O.B. of 1/4 inch and an I.D. of 1/8 inch, was run to the pressure
transducers.

A special probe collar was built that would, prevent air

from escaping through the total pressure probe hole in the pipe.

This

collar was especially machined to fit the curvature of the pipe.

Pressure Measuring Equipment
A pipe saddle with a micrometer head attached to a traversing
mechanism was used to hold the total pressure probes in position during
the traversing of a station.

Since both probes were in use at all

times, it was necessary to build a pressure measuring system that could
be switched from one probe to the other very rapidly.

In order to

accomplish this, an electrical system using two pressure transducers
was built.

The pressure transducers were Northram variable, reluctance

transducers with a range from 0 to .15 psi.

These transducers were

attached to the sides of the pipe saddle which holds the traversing
mechanism.

Figure 12 shows the transducers mounted on the saddle.

A switch box was built that allowed the switching from one. probe to the.
other.

Figure 13 is an electrical schematic diagram of the complete

electrical system.
A Hewlett-Packard Model 200CD signal generator was used to
supply the A.C. voltage to the transducers.

A 500JX

10 turn

potentiometer was attached to each transducer for null adjustment.

The

A.C. voltage output of the transducers was demodulated with, a HewlettPackard Model 400 A.C. voltmeter.

The D.C, voltage output was recorded

on a Dymec Model 2401C D.C. integrating digital voltmeter.

The sample

Figure 12--Pipe saddle, gauge blocks, pitot
tube, and pressure transducers

Figure 15--Switch box, multimeter, digital voltmeter,
A.C. voltmeter, and signal generator

INPUT
.Transducers
Signal Generator

Figure 13--Schematic of transducers and support equipment
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period of the digital voltmeter was one second.

For all runs the signal

generator was set at a maximum amplitude and 50 cycles.
and more range was achieved at this setting.
voltmeter was set at 100 volts.
at .01 volt.

A better null

The range of the digital

The range of the A.C. voltmeter was set

With the system turned on and warmed up, each potentiometer

was adjusted so the transducer was at its null position.
pressure measurements could be taken.

In this position

Figure 15 shows a photograph of

all the electrical equipment.
It was necessary to calibrate each transducer separately against
a Meriam Micro-Manometer Model 34FB2.
.001 inch of water.

This manometer has a resolution of

Only one side of each pressure transducer was

calibrated with a positive pressure, so everything had to be referenced
to this side.
were linear.
non-linear.

In the range from 0 to 4.0 inches of water the transducers
After 4.0 inches of water, the curve became slightly
Figure 14 is a typical calibration curve.

To speed up and make the taking of data easier, gauge blocks were
built.

These gauge blocks were placed between the micrometer shaft and

the saddle and removed one at a time as the annular space was traversed.
Since the probe separation was .18 inch, the gauge blocks were built with
multiple values of .18 inch.

Four blocks were built at .045 inch, four

were built at .09 inch and six were built at .36 inch.

The micrometer

head was used to get good readings close to the inner wall,

figure 12

shows the saddle, transducers, micrometer head, pitot tube, pressure
hoses, and gauge blocks as they were used for the test runs.

In order to

obtain the required A P reading to calculate the velocity, the total
pressure hoses were attached to one side of the transducer

and the static

pressure hoses were attached to the other side of the transducer. The static
pressure readings were taken from the wall taps on the side of the outer pipe.

Figure 14--Typical calibration curve
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TESTING PROCEDURE AND DATA REDUCTION

Once the turbulence tunnel was built and the support equipment
running properly, experimental data were taken, and then reduced.

Experimental Procedure
When experimental data were taken, the motor fan system was
allowed to run at least one hour, and the electrical support equipment
was run for better than two hours.

Data were taken at 11 different

stations down the test tunnel.

The procedure at each one of these

stations was exactly the same.

Before each test run was made the

position of the inner tube, with respect to the outer tubd, was
measured by a micrometer at every station.
in position on the pipe.

The pipe saddle was placed

The gauge blocks were placed between the

micrometer shaft and the saddle.

Then the pitot tube was placed in the

total pressure probe hole, with the top probe resting against the inside
wall of the outer pipe.
Static pressure and the null readings for each transducer were
recorded for each station.

Since only one side of the pressure

transducers was calibrated, it was important to take both the static
and total pressure readings from the calibrated side of the transducer.
After null readings and static pressure readings were taken, the
annular passage was traversed with the total pressure probes.

As the

gauge blocks were removed, readings from both probes were recorded at
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each radial position.
The inner pipe was electrically insulated from the outer pipe.
One lead of a Triplett, Model 630-P, multimeter was attached to the
total pressure probe and the other lead was attached to the inner tube.
When the probe made contact with the inner tube, the needle of the
multimeter deflected.

Damage to the probe was eliminated by using this

technique.
The atmospheric pressure, room and flow temperature, calming
chamber static pressure, and motor R.P.M. were recorded at stations
1, 9, and 17.

No significant changes were noted in any of these

parameters during the four runs that were made.
At the conclusion of each test run both transducers were
calibrated with the micro-manometer.

Data Reduction
Data reduction was accomplished by means of a computer program
that was written by Woolley [5 ] for a tube, then modified for the
annulus.

Incompressible flow theory was used throughout, since all

velocities were well below the point where compressibility effects
introduce substantial error.

The velocity was computed from Bernoulli's

equation;
A p = p - Ps = 1/2

U2

p = total pressure
p„
o = static pressure
^ = density of fluid
U = axial velocity

35

The diameter Reynolds number was defined as:

Re

UbDh
*

D

Dh = hydraulic diameter
= bulk velocity
= kinematic viscosity
The bulk velocity was derived from definition as:
f UdA
U

=

b

2 k ------

/a

*

which, for an annulus reduces to:
R,
Ur dr

Ub =
R1

In order to get a better curve fit near the wall for the bulk velocity
calculation, a 1/7 power profile was inserted between the last measured
radial point and the wall for both inner and outer walls.
The following information was inputed into the computer:
1.

Number of stations

2.

Station number

3.

Flow temperature

4.

Atmospheric pressure

5.

Number of radial positions at each station

6.

Number of points, inserted for 1/7 power profile curve fit

7.

x/Dft

8.

Static pressure

9.

A p and r at corresponding radial positions

From this information the computer outputed the following useful
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results:
1.

x/Dh

2.

Flow temperature (T)

3.

Atmospheric pressure (p)

4.

Static pressure (ps)

5.

Mean velocity (U) at corresponding radial position (r)

6.

Bulk velocity (U^)

7.

m

8.

Radius ratio

9.

Density ( p )

b

10.

Kinematic viscosity ( y )

11.

Diameter Reynolds number (Rep)

The complete data reduction program along with the output for station
19 of run 2 is printed in Appendix C.
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EXPERIMENTAL ERROR

When the additions and modifications to the Smith [4] wind
tunnel were completed, several minor refinements had to be made so
that good experimental results could be obtained.

Wind Tunnel
Vibrations of the inner pipe was the main problem that had to be
contended with in the wind tunnel.
this vibration.

Several things were tried to eliminate

The 18-inch diameter pipe that leads into the calming

chamber was cut in two and the halves were separated two inches.

Over this

2-inch space a rubber boot was placed and secured with metal straps.
With this modification, vibration of the inner pipe was reduced, but not
eliminated.
The pressure instrumentation system was very sensitive and would
pick up flow fluctuations, up to several hundred cycles per second, when
the output was displayed on an oscilloscope.

This allowed a precise

measure of fluctuations in the flow entering the tube.
When the pressure in the calming chamber was examined on an
oscilloscope , a

frequency of 1940 r.p.m., the speed of the motor

dynamometer system could be detected.

This indicated that the flow

straighteners, the additional length of tubing that was added between
the axial fan and calming chamber, and the screens and filters in the
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calming chamber, did not completely damp out all the flow irregularities.
A check on the performance curves

[jiij was made for the motor-fan system.

The fan was not operating in the best performance region, and it was
felt that stall off the rotor and stator blades could be occurring.

To

correct this the blade angle of the rotor blades was changed from 25° to
15°, while the stators were left at 64°.

This modification greatly

reduced the flow fluctuations.
A low frequency fluctuation was picked up on the oscilloscope
that was not due to the motor-fan system.

It was determined that this

fluctuation was due to a density change resulting from a temperature
gradient across the axial fan.

The large sliding door in front of the

axial fan allowed cold air to come into the building where the turbulence
tunnel was housed.
axial fan.

This cold air was picked up on the bottom of the

A heater unit directly over the motor-fan system blew hot

air into the top of the axial fan, thus a density change in the air was
present, which caused the flow fluctuation.

To eliminate this problem,

the sliding door was shut as tight as possible, the heater was turned
off during all runs, and a large fan was placed between the door and the
fan to mix the air.
With these adjustments, the fluctuations present on the oscilloscope
were eliminated.

Pitot Tube
As a station was traversed, at a certain point the top and bottom
pressure probe would overlap at the same radial position, but different
readings would occur, sometimes up to .12 in. l^O difference in pressure
would be recorded.

The pressure probe was completely taken apart and
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observed by a 50 power stereo microscope.
were present in the needle tips.

Small burrs and irregularities

They were removed with a small file.

Epoxy was in the upper probe passage, which cut down the air flow, and
was removed.

A 45° angle was cut in the end of the top probe that went

into the probe tip, to allow better air flow up the brass tube.
small air leak was fixed in the bottom probe.

A

With these modifications

the bottom and top probes recorded the same reading at the same radial
position.

Transducers, Electrical Instrumentation System
The pressure transducers were very sensitive and relatively high
frequency variations in flow could be detected.

In the area where

turbulent fluctuations occurred frequently, (stations 5 through 11) the
fluctuations made it hard to obtain precise readings of mean velocity.
It was not desirable to reduce the frequency response of the system
because this would increase the measurement time.
The transducers were very temperature sensitive, and the position
of the null could vary by * 2% during the traversing of one station.

The

best thing to do to remedy this situation was to take a null reading just
before each station was traversed and hope that no great temperature
change occurred during the traversing of a station.

This procedure

worked well, and the null shift was not too great a problem.

Except

for run #4, where very small pressure differences had to be recorded,
the null shift did effect the readings.
As mentioned before, the most serious errors were introduced
because of the combination of the sensitivity of the instrumentation
and the fluctuating characteristic of turbulent flow.

With experience
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it became much easier to determine mean velocities, even though the flow
fluctuations were present.

It is felt by the author that very good

results were obtained after the experimental discrepancies were removed
and familiarity with the characteristics of the complete system was
achieved.
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RESULTS AND COMPARISON

The developement of turbulent flow in an annulus which was
studied in this thesis related to two other papers:
Okiishi [2]*

Brighton Qj and

This chapter will deal with a discussion of the results

of the research that was conducted by the author, and a comparison will
be made with the results obtained from both Brighton [Y] and Okiishi (YJ.
A paper by Sparrow

[l^

that deals with a pressure drop through an

annulus will also be discussed and a comparison made.
Four runs were made at Reynolds numbers of 1.740 x 10^, 1.518 x 10^,
1.214 x 10^, and 7.06 x 10^, with the radius ratio (c<) equal to .170.
Figures 16 through 19 show the developing profiles for these Reynolds
numbers.

In every case fully developed flow was obtained.

Fully developed flow was achieved for ReD = 1.740 x 10^ at station
17 (x/D^ = 49.2), Rej) = 1.518 x 10^ at station 15 (x/D^ = 39.4),
ReD = 1.214 x 105 at station 15 (x/Dh = 39.4), and Rej) = 7.06 x 10^ at
station 11 (x/D^ = 24.6).

Figure 20 shows an approximate correlation

between fully developed flow with respect to Rep and x/D^.

Realizing

that the position where fully developed flow was achieved in only
approximate, it is interesting to note that the position of fully
developed flow decreases as Reynolds number decreases.

The flow was

considered fully developed if the mean velocities did not vary more than
one foot per second, at the same radial position.
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If each radial, location
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Figure 16--Typical Velocity Profile
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Figure 17--Typical velocity profile
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Figure 18--Typical velocity profile
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Figure 19--Typical velocity profile
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Figure 20--Position of fully developed flow
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varied only this much for the entire section, except close to the
inner wall where the position of the inner pipe had a great effect,
the flow was considered to be fully developed.

Brighton (jJ assumed

that fully developed flow was achieved at 40.5 pipe diameters (x/D),
which compares favorably with the 41.0 pipe diameter (x/D) that it took
to reach fully developed flow for the highest Reynolds number,
1.740 x 105 .
Figures 21, 22, 23, and 24 show how U/lL,
•D

vs.

x/D^ of 1.23, 9.83, 19.6, and 59.0 respectively.

r - Ri
—— —
^2

vary for

Reynolds number

has

an important effect on the development of turbulence as already noted,
but once the fully developed condition is reached, little difference in
the velocity profile is noted.

(Refer to figure 24.)

For fully developed

flow, Brighton 03 noted that for increasing Reynolds number the maximum
dimensionless velocity ratio, U/Ug , also increases.
was also noted, except for Re^ = 7.06 x 10^.
compare the shape of the Brighton 03

The same phenomenom

It was very interesting to

fully developed velocity profiles,

figure 25, with the fully developed profiles obtained at x/D^ = 59.0.
Their shape and characteristics are almost identical.
Plots of U/Ug

-r ~ R lR2 - R l

vs.

(x/D^) were made for

= .963, as shown in figure 26.

^

= .500

and

The same type plot was also

tried at — --- = .090, but too much variance in the readings was
b 2- r x
encountered to show any significance.

The variance was due to the

changing position of the inner pipe, with respect to the outer pipe,
from one run to the next.
close to the wall,

It was interesting to note, figure 26, that

L
R2 - Rx

= .963, that the four profiles vary
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Figure 21--Typical velocity profile
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Figure 22--Typical velocity profile
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Figure 23--Typical velocity profile
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Figure 24--Typical velocity profile
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x /Dh

Figure 26--Variation of velocity along an annulus
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significantly, but at the center,

= .500, the profiles are
R 2 " Ri

very similar.

This shows how much effect the wall has on the flow, and

especially the measurement of the flow close to the wall.
x/D

h

From

= 9.8 to x/D, = 29.4, large low frequency turbulent bursts were
h

most prevalent, especially close to the wall.
bursts were defined:

The low frequency turbulent

when the flow measurement readings would increase,

decrease, and then increase again about 107, of the reading over a
certain length of time.

Turbulent fluctuations were observed close to

the wall all the way down the tube.

As the dimensionless radius

decreases to .500, better results are noted for all Reynolds numbers.
The Reynolds number seems to have little or no effect on the free stream
characteristics of the flow.
Overshoot was noted for both dimensionless radii of .500 and
.963.

Figures 16 through 19 also point out the overshoot very clearly.

Note that the ratio of II/U^ has a larger maximum value for x/D^ = 19.6,
than for x/Dh = 59.0 for all Reynolds numbers.
increase as the Reynolds number increases.
as:

The overshoot seems to

Overshoot could be defined

when the velocity ratio (U/U^) at any radial position has a larger

velocity ratio at the same radial position for a smaller distance (x/D^)
down the pipe.

Smith [4] noted overshoot for the tube, and Woolley Qf]

was able to predict the overshoot, theoretically, for the tube.
It is desirable to compare the data that was obtained with the
log law profile:
U+ = c^ In y+ + c^
Two theories will be used for comparison:
c^ = 2.5 and

Nikuradse's

Q.], where

- 5.5; and Clauser [8 ], where c-^ = 2.44 and C2 = 4. 9 .
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In order to make the comparison, the assumption that the shear stress
(Y^w) is zero at the point of maximum velocity must be used.

This point

was the maximum reading obtained as the station was traversed.

From this

assumption:

Refer to Appendix D for details of the derivations.

From the wall shear

stress the friction velocity (U*) can be determined for both walls and
I
i
then y"1" and u^ can be calculated.

The pressure gradient

dp
- is obtained
dx

by finding the slope of the curve for static pressure vs. x/D^ for each
Reynolds number.

Figure 27 is a plot of u+ vs. y+ at station 19 (x/D^ =

59.0) , and a comparison with Nikuradse
profile.

[lj and Clauser [fQ for the outer

Figure 28 is the same plot for the inner profile.

is good for the outer profile, especially with Nikuradse
numbers of 1.740 x lcY, 1.518 x lcY, and 1.214 x 10 .

[Y]

The comparison
for Reynolds

But for Re^

=

4
7.06 x 10 , rather poor results are obtained.
Clauser

[8 ] was able to adjust the pressure gradient to obtain an

equilibrium boundary layer.

With this pressure gradient adjustment, the

Clauser [8 ] profile was obtained.
pressure gradient.

The author was not able to adjust the

This could account for the deviation from the Clauser

[fiQ

profile.
The error for the point of maximum velocity could be off as much
as 3.7%, which could account for some of the deviation from the Nikuradse
and Clauser

[8 ] profiles.

Also, one must keep in mind that these profiles

are empirical for pipe flows; they are not exact solutions.

Brighton

[Y]

[Y]

Figure 27--Velocity distribution for log law (outer profile)

Figure 28--Velocity distribution for log law (inner profile)
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noted good results for both the inner and outer profile, except for
small radius ratio ( o O , where poor results were obtained for the inner
profile.
The average friction factor (fave) for an annulus is given by:

fave“<^ ©
1

Brighton Q]
numbers.

determined several friction factors at different Reynolds

A comparison is made with Brighton's

QJ results in figure 29.

A curve with a smaller slope was obtained by the author when compared
with Brighton's
Sparrow

[l] results.
jlO) made pressure drop measurements for an annulus with

both squared and round entrances.
made between Sparrow's

[Io| results for the round entrance section and

the results obtained by the author.
dp/dx
(dp)dx)

curve, while

Figure 30 is a comparison which was

Note the dip in Sparrow's

was entirely straight and equal to

four experimental runs that were made.
Sparrow

|l<3

1 .0

|1^
for all

The reason for this is that

had no boundary layer trip, and his flow must undergo

transition from laminar to turbulent flow, whereas the boundary layer
trip at the beginning of both pipes eliminated transition.
Sparrow's

£3

Additionally,

whole paper was on pressure drop, and his experimental

techniques for obtaining pressure were more elaborate than the methods
used for this thesis.

Still, the results sfrown in figure 30 show how

much effect the boundary layer trip has on the characteristics of
developing turbulent flow in an annulus.
All runs were made as rapidly as possible.

No changes in any of

the variables, such as atmospheric pressure, flow temperature, etc.,

10.0
9.0

8.0
7.0

6,0
5.0

4.0

3 .0 '
ave
xlO

2.0

1.0

ReD x

10

Figure 29--Variation of average friction factor with Re^ for axial location x/D^ - 59.0

S'J

Figure 30“-Plot of (dp/dx)
(dp/

vs„ x/D^, compared with Sparrow^lOl
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were noted for any of the runs.

For Re^ = 1.740 x 10 , vibration of the

inner pipe was very noticeable, which caused some problem in determining
the exact radial position of the inner wall.

This vibration very likely

upset the flow pattern close to the inner wall.
numbers no vibration was noticed.

For all other Reynolds

It is felt that the vibration was

caused by the flow, since once the fan was operating in an efficient
condition, the runs for all Reynolds numbers except the largest, showed
no vibration.

This could be stall off the motor blades inducing the

flow irregularities that caused the inner pipe to vibrate.
Stations 5 through 11 were very difficult to read, especially
close to the wall and at higher Reynolds numbers.

The difficulty was

caused by low frequency turbulent bursts that were more prevalent near
both walls.

The average value of mean velocity, in the area where low

frequency turbulent bursts were prevalent, was hard, to determine.
digital voltmeter integrates for one second.

The

By having the voltmeter

integrate from 20 to 30 seconds, the error in measuring mean velocity
during low frequency turbulent bursts could be reduced.
Okiishi [jfj felt that developing turbulence was not axi“Symmetric
While observing the characteristics of the growth of turbulence in this
experiment, it was noted that turbulent bursts seem to build, then die
out, and then build up again.

These results substantiate the idea that

turbulence grows from a spot.

It is felt that if each radial position

was integrated over a large enough time with the inner and outer pipes
in perfect alignment, that developing turbulent flow would indeed be
axi-symmetric for an annulus.
4
Run 4, ReD = 7.06 x 10 , seemed to disagree somewhat from the
other runs.

For Reynolds numbers in this range and lower, the capability
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of the transducer and electrical support equipment was reached.

The

transducers were temperature sensitive and drifted while a station was
being traversed.

This is not critical, except for low Reynolds numbers,

where small pressure differences must be measured.

No effects from the

center support were noted in any of the runs that were made.
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Based on the results of this study, the following conclusions
can be drawn concerning the developing turbulent flow in an annulus.
Recommendations will also be made for improvement of the present
apparatus that was built to study developing turbulence in an annulus.
Improvements that can be made in experimental technique will also be
noted.

Conclusions
1.

The modifications to the Smith [4] wind tunnel were adequate

to facilitate the study of developing turbulence in an annulus.
2.

Pressure transducers are an excellent means for measuring

developing velocity profiles in an annulus.
3.

Reynolds number effects how fast developing flow becomes

fully developed.

The axial position where fully developed flow is

achieved down the pipe decreases as the Reynolds number decreases.
4.

The shape of the velocity profile is more a function of small

eccentricity than Reynolds number for a radius ratio (<K) of .170.
5.

A satisfactory boundary layer trip is required to obtain good

results for developing turbulent flow.
6

.

Good correlation with the universal velocity profiles can be

obtained if the position of maximum velocity can be determined.
7.

The static pressure drop

along an annulus is very
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nearly linear, if a boundary layer trip is installed.
8

.

Turbulent flow development is axi-symmetric in a symmetric flow

passage if measured properly.

Recommendations
1.

Use pressure transducers that are not temperature sensitive.

2.

Either modify the digital voltmeter or use an analog

computer, so that integration for 20-30 seconds can be accomplished,
where desired.
3.

Get better alignment between the inner and outer tubes.

4.

Install a round section in the calming chamber just after

the last screen and before the nozzle, to eliminate the effect of the
corners of the chamber.
5.

Eliminate the vibration of the inner pipe, or run at lower

Reynolds number where vibration is not a problem.
6

.

Build a better pitot tube that does not have any 90° corners

in it.
7.

Use different diameter inner pipes so that the effect of

radius ratio can be studied.
8

.

Find a better technique for determining the position of

maximum velocity.
9.

Determine why the (x/D^) position for fully developed flow is

a function of Reynolds number as for laminar flow.
10.

Determine why the radial position of maximum velocity (zero

shear) is so important to the log law profiles.
11.

Use a scaled visual flow apparatus to see the effects of

developing turbulence in an annulus.

APPENDIXES

APPENDIX A

BOUNDARY LAYER TRIP CALCULATIONS

)

It was important that the boundary layer trip be placed in the
right spot, where the flow is unstable.

To determine this position the

critical Reynolds number for a flat plate was used

\l~ \ .

The flat plate

being the condition of a tube with an infinite radius .

|
= 3.2 x 105
crit
from run # 1 :
U^ = 87.2 ft/sec
^ =

x "

2 .0 0

ft^/sec

5
?
(3.2 x 10 )(2.00 ft/sec)
87.2 ft/sec

x = .734 ft =

8 .8

in.

Since the tube does not have an infinite radius, the axial
distance (x) down the tube where the trip should be located will be
approximately

8 .8

inches.

To determine if the boundary layer trip is sufficient to trip the
boundary layer, an analysis

8

was used to see how large the trip must

be.
Ub K
Rex

*

y

‘=

■’ *■* t o
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from run # 1 :
Ub - 87

Y = 2.00 x
„ _
K =

2

ft/sec

10

"^ ft^/sec

( 1 0 0 ) ( 2 . 0 0 x 10 ^ ft^/sec) ( 1
877T ft/sec

K = 2 . 7 5 x 10“^ i n .

2

in./ft)

APPENDIX B
AXIAL LOAD CALCULATIONS FOR INNER PIPE

To reduce the sag for the inner tube it was necessary to
determine what axial load must be applied to pull the inner pipe
into position.

It was decided that the inner tube must be within

the limits of T

1%

of the hydraulic diameter at every radial section.

D. = (5.88 in. - 1.00 in.) = 4.88 in.,
h
so the allowable sag is + .049 inch.
From Timoshenko [9] the axial load equation was obtained:

ymax ~

^1.1--

*

384EI

1
_ .
coshu

2
U
2

for a 1 inch O.D. aluminum tube with a wall thickness .035 inch.
I = .0236 in . 4
A = .1987 in . 2
.0194 lb/in.
10

x

10

^ psi

q = .0194 lb/in.
E = 10 x 10^ psi

The distance between supports is:
I = 16 feet 4 inches = 196 inches
The load applied will be 1920 pounds.
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Calculation:
U =

196 in.

2

y | = =
y (10 x io°

1920 lbs.__________
lb/in.2) (.0236 in.4)

U = 8.83.
(5)(.0194 lb/in.)(1.475 x 109 in.4)
Ymax =

(8.83)

“
9
~7~
(384) (10 x 10° lb/in/) (.0236 i n / )

- 1 +
cosh 8.83
5
24

Ymax =

-0488

(8.83;

inch-

The yield stress of this aluminum is 20,000 psi.

To see if the

yield stress is exceeded, the following calculation was made:

C = p/A

cr= 1920 lb.
.1987 in .

2

CT= 9,660 psi,
so the inner tube is in no danger of failure, because of the axial flow
that was applied.

APPENDIX C

COMPUTER PROGRAM

The computer program that was used to reduce the data will be
printed in this section.

The values of wall shear, U*, Y+ , and IT*" were

derived for the tube and are not applicable to an annulus, so they were
removed from the appendix.
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$JOB
THS750 DWIGHT KELLY
$IBJOB TURB
$IBFTC DATA
NODECK
C
EXPERIMENTAL DATA REDUCTION PROGRAM
DIMENSION R(50,25),IST(25),XD(25),PSG(25),H(50,25),U(50),TW(25),
1 UP (50)SYP(50),UR(50),AA(50),AB(50),F(50,25),111(25),131(25)
DIMENSION RI(50)
MM = 0
1 READ (5,5) NSTA,IRUN,T ,PBAR
DO 20 1=1,NSTA
READ (5,11) 111(1),131(1)
1 1 = 1 1 1 (1 )
READ (5,30) Ist(I),XD(I),PSG(I),(R(J,I),H(J,I),J=1,I1)
DIMENSION HS(50),RS(50)
DO 21 J=1,I1
JB=I1-J+1
RS(JB)=R(J,I)
21 HS(JB)=H(J,I)
DO 23 J=1,I1
R(J,I)=RS(J)
23 H(J,I)=HS(J)
20 CONTINUE
PA - PBAR*62.4/1728.0
CON = SQRT(2.0*32.2*62.4/12.0)
DO 40 I = 1 ,NSTA
F ( I ,1 ) = 1 . 0
F (1.2) = XD(I)
40 F ( 1 ,3) = XD(I)**2
C
PRESSURE DATA APPROXIMATED BY A PARABOLA
CALL FIT (PSG,F,AA,NSTA,3,25,25)
NN = 0
MM = MM+1
WRITE (6,82) MM
DO 42 K=1,NSTA
PSG(K) = A A (1)+ A A (2)*XD(K)+AA(3)*XD(K)**2
42 TW(K) = -(62.4/(4.0*1728.0))*(AA(2)+2.0*AA(3)*XD(K))
DO 100 K-l.NSTA
11=111(K)
13=131(K)
RO = (PSG(K)+PBAR)*62.4/(12.0*53.35*T)
VK = (1.24E“5/R0)*(T/540.0)**0.76
NN = 1+NN
IF (NN.LE.2) GO TO 85
MM = MM+1
WRITE (6,82) MM
NN - 1
85 WRITE (6,3)
WRITE (6,22) IST(K),I RUN,XD(K),T,PA,PSG(K)
WRITE (6,55)
WRITE (6,58)
US = SQRT((TW(K)*32.17*144.0)/R0)
DO 50 J=1,I1
U(J) = CQN*SQRT(H(J,K)/RO)
UP(J) = U(J)/US . . -

75
50 YP(J)=(o.245*(R(Il,K) -R(J,K))**US/VK
ADDITION OF POINTS WITH 1/7 POWER PROFILE.
I1S=I1
11=11+2*13
14=11+2*13
15 = 11-1
16 = 2*13+1
17=16+1
18=16-1
SPACES = (2*13+1)
EX = 1.0/7.0
DI=R(2,K)-R(l,K))/SPACES
BI=U(2)/ (r(2,K)-R(1,K))**EX
E=0.
DO 101 J = 1 ,16
RI(J)=E*DI+R(1,K)
E=E+1.
101 UR(J)=RI(J)*BI*(RI(J)-RI(1))**EX
DO 75 J=17,15
J8=J-18
RI(J)=R(J 8 ,K)
75 UR(J)=RI(J)*U(J 8 )
D=(r(IIS,K)-R(I1S-1,K))/SPACES
B=U(I1S-1)/(R(I1S,K)-R(I1S-1,K))**EX
E= 0.0
DO 76 J = 1 ,16
J1 = 14-J+l
RI(J1)=R(I1S,K)-E*D
E = E+1.0
76 UR(Jl)=RI(Jl)*B*(R(I1S,K)-RI(Jl))**EX
C
BULK VEL. INTEGRATION BY SUCCESSIVE PARABOLA APPROX.
CALL INTPAR (RI,UR,AA,AB,U B ,14,50,50,50)
I1=I1S
UB=UB*2./ (R(I1,K)**2-R(1,K)**2)
DO 73 J=1,I1
UX = U(J)/UB
RX=(R(J,K)-R(1 ,K)) / (R(I1,K)-R(l,K))
73 WRITE (6,60) R(J,K) H(J,K), U(J), YP(J), UX,RX
RE=(UB*(o.409))/VK
WRITE (6,4) RO,VK
WRITE (6,65) U S ,TW(K)
WRITE (6,71) RE,UB
WRITE (6,102)
WRITE(6,103)(RI(J),UR(J),J=1,14)
102 FORMAT(1H1,6 X ,2HRI,10X,2JUR)
103 FORMAT((1H ,2F12.4))
100 CONTINUE
GO TO 1
C

3 FORMAT (1HO///5X,7HSTATION,2X,3HRUN,4X,3HX/D,5X,4HTEMP,5X,9HAIM PR
1ESS,4X,15HSTATIC PRESSURE)
4 FORMAT (1H0,10X,7HDENSITY,1PE12.3,8 HLB/CU FT,5X,19HKINEMATIC VISCO
1SITY,1PE12.3,9HSQ FT/SEC)
5 FORMAT (2110,2F10.0)

76

10 FORMAT (4X.15F5.0)
11 FORMAT (2(110))
22 FORMAT (1H ,6X,13,3X,13,F9.3,F8.1 ,2H R,F9.3,4HSPIA,F8.3,11HIN H20
1GAGE)
30 FORMAT (110,2E10.0/(8E10.0))
55 FORMAT (IHO,8 X ,6HRADIUS,7X,4HDELH,4 X ,13HMEAN VELOCITY, 3X
2 2HY+,10X,2HU+,10X S4HU/UB ,4X,12HRADIUS RATIO)
58 FORMAT (21X.6HIN H20, 6 X, 6 HFT/SEC)
60 FORMAT (1H ,2X,3(F12.4),2(1PE12.4),OPF12.4,F12.4)
65 FORMAT (IHO, 5X,4HU* = ,1PE12.4,6HFT/SEC,5X,12HWALL SHEAR =,
1 1PE12.4,3HPSI)
71 FORMAT (IHO,5X,26HDIAMETER REYNOLDS NUMBER =,1PE12.4,5X,
1 15HBULK VELOCITY = ,0PF9.4,6 HFT/SEC)
82 FORMAT (1H1,17X,40HDEVEL0PING TURBULENT BOUNDARY LAYER DATA,
1 17X,4HPAGE,13)

END
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$IBFTC INTPAR DECK
SUBROUTINE INTPAR (R,UR,AA,AB,AREA,L,II,12,13)
C
INTEGRATION BY PARABOLIC APPROXIMATION AND AVERAGING
DIMENSION R(I1),UR(I1),AA(12),AB(13)
L2 = L - 2
DO 42 M = 1 ,L2
A = UR(M)
DR1 = R(M+1+ -R(M)
DR2 = R(M+2) - R(M)
DEN = (DRI*DR2**2-DR2*DR1**2)
B = ((UR(M+l)-UR(M))*DR2**2-(UR(M+2)- UR(M))*DR1**2)/DEN
C = ((UR(M+2)-UR(M))*DRl-(UR(M+l)-UR(M))*DR2)/DEN
AA(M) = A*DR1+(B/2.0)*DR1**2 + (C/3.0)*DR1**3
AB(M)=A*(DR2-DR1)+ (B/2.0)*(DR2**2-DR1**2)+ (C/3.0)*(DR2**3-DR1**3)
42 CONTINUE
AREA = AA(1)+AB(L-2)
L3 = L-3
D044 M=1,L3
44 AREA = AREA + (AB(M)+AA(M+l))/2.0
RETURN
END
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$IBFTC FIT
DECK
SUBROUTINE FIT (P,F,Q,M,N,II,JJ)
DIMENSION P(II),F(II,JJ),Q(JJ),A(5,100),B(5,5),G(5)
C
LEAST SQUARES FIT, MINIMIZE ERROR S = (P-F*Q)T * (P-F*Q)
C
Q = (FT*F)-1 * (FT * P)
C
P = DATA POINTS, F = FUNCTIONAL MATRIX, Q = COEFFICIENT MATRIX,
C
M = NO. DATA POINTS, N = NO. OF TERMSIN EQUATION APPROXIMATION
TRANSPOSE A = FT
DO 1 I = 1,M
DO I J = 1,N
1 A ( J ,I) = F(I, J)
C
MULT A*F = B
DO 2 I = 1,N
DO 2 J = 1 ,N
B(I,J) = 0.0
DO 2 K = 1,M
2 B(I,J) = B(I,J)+A(I,K)*F(K,J)
CALL INVER (B,N,5,5,NCE)
C
MULT A*P = Q
DO 3 I = 1,N
G(I) = 0.0
DO 3 K = 1,M
3 G(I) = G(I)+A(I,K)*P(K)
C
MULT B*G = Q
DO 4 I = 1 ,N
Q(I) = 0.0
DO 4 K = 1 ,N
4 Q(I) = Q(I)+B(I,K)*G(K)
RETURN
END
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$IBFTC INVER
SUBROUTINE INVER (G,M,N1,N2,NCE)
GAUSS-JORDAN ELLIMINATION INVERSION.
DIMENSION G(N1,N2)
NCE = 0
306 DO 317 K = 1, M
307 COM = G(K,K)
IF (COM.EQ.0.0) GO TO 400
308 G(K,K) = 1.0
309 DO 310 J = 1,M
310 G(K,J) = G(K,J)/COM
311 DO 317 I = 1 ,M
312 IF (I-K) 313,317,313
314 G(I,K) = 0.0
315 DO 316 J = 1 ,M
316 G(I,J) = G(I,J) - COM*G(K,J)
317 CONTINUE
402 RETURN
400 NCE = K
WRITE (6,401) NCE
401 FORMAT (1HO,53X,21H INVERSE FAILS ON ROW,14)
GO TO 402
END
$ENTRY
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DEVELOPING TURBULENT BOUNDARY LAYER DATA

STATION
19

RUN
2

x/D
59.000

TEMP
539.0 R

ATM PRESS
12.133PSIA

STATIC PRESSURE
0.250 IN H20 GAGE *

RADIUS

DELH
IN H20

0.4800
0.5100
0.5600
0.6000
0.6500
0.6800
0.7300
0.7700
0.8200
0.9100

0 .0 0 0 0

0.7500
0.8800
0.9700
1.0300
1.0800
1.1300
1.1700

0 .0 0 0 0

1 .0000

1.1900
1.3600
1.5500
1.7200
1.9100
2.0800
2.2700
2.4400
2.6300
2.6800
2.7200
2.7700
2.8000
2.8500
2.8900
2.9400

U/UB

RADIUS RATIO

0 .0 0 0 0

0 .0 0 0 0

0 .0 0 0 0

0.8700
0.8500
0.8000
0.7500
0.7100
0.6500
0.5600

64.2694
69.6169
73.0902
75.3168
77.1232
78.8883
80.2724
81.6331
83.6325
84.6146
86.5452
87.1792
85.9065
84.6146
82.6388
80.2724
77.1232
74.2119
69.2202
68.4200
66.3771
64.2694
62.5320
59.8315
55.5351

0.8422
0.9122
0.9577
0.9869
1.0106
1.0337
1.0519
1.0697
1.0959
1.1088
1.1341
1.1424
1.1257
1.1088
1.0829
1.0519
1.0106
0.9724
0.9070
0.8965
0.8698
0.8422
0.8194
0.7840
0.7277

0 .0 0 0 0

0 .0 0 0 0

1 .2 1 0 0

1.2700
1.3000
1.3600
1.3800
1.3400
1.3000
1.2400
1.1700
1.0800
1 .0000

MEAN VELOCITY
FT/SEC

DENSITY = 6.08IE-02LB/CU FT

0 .0 1 2 2

0.0325
0.0488
0.0691
0.0813
0.1016
0.1179
0.1382
0.1748
0.2114
0.2886
0.3577
0.4350
0.5041
0.5813
0.6504
0.7276
0.7967
0.8740
0.8943
0.9106
0.9309
0.9431
0.9634
0.9797
1.0000

KINEMATIC VISCOSITY - 2.036E-04SQ FT/SEC

DIAMETER REYNOLDS NUMBER = 1.5372E 05

BULK VELOCITY * 76.3147FT/SEC
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APPENDIX D
DERIVATION OF WALL SHEAR STRESS (Tw)

Fluid Element

‘T' t.tJTAt-

<

(p-t-dp£~x)A
dx
>■

In this section the wall shear stress for an annulus will be
derived.

Refer to above figure for nomenclature and values.
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ABSTRACT

A survey of the previous work was made to determind the amount
of work that had been done in this area.

A wind tunnel that had been

used to study developing turbulent flow in a pipe was modified by the
addition of another pipe so that developing turbulent flow could be
studied in a concentric annular duct.
Total pressure probes and pressure transducers were used to
measure A p.
Mean velocities throughout the entrance region of the annulus
were measured for Reynolds numbers:
10^; and 7.06 x 10^.
and Sparrow

1.740 x 10^; 1.518 x 10^ ; 1.214 x

Results were compared with Brighton [f|, Okiishi

15

[

] .

A comparison with the log law for both inner and outer profiles
was made.

The point where the velocity profiles become fully developed

was also studied.
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